Neovascularization is closely associated with plaque progression in non-heart transplantation subjects; on the other hand, cardiac allograft vasculopathy causes unfavourable outcomes. Intravascular ultrasound (IVUS) and optical coherence tomography (OCT) can provide microscopic assessment in vivo. The aim of this study was to investigate the impact of neovascularization on intimal proliferation.
Introduction
Cardiac allograft vasculopathy (CAV) remains the leading cause of morbidity and mortality after heart transplantation (HTx) and is characterized by diffuse concentric intimal hyperplasia and luminal narrowing in the coronary artery of the allograft. 1, 2 The development and progression of CAV are related to both immune-mediated injury and non-immunologic factors. 3 Intimal angiogenesis has come to be identified as playing a particularly important role in CAV progression. 4 -6 Meanwhile, previous optical coherence tomography (OCT) studies have considered that OCT-identified microchannel correlated with plaque vulnerability, inflammation, and plaque progression that are associated with angiogenesis in patients with and without HTx. 7 -13 From these backgrounds, we used systematic assessment with frequency-domain OCT to investigate the incidence and predictors of microchannels and their impact on intimal proliferation in patients after HTx.
Methods Patients
Between November 2011 and February 2014, 48 consecutive patients received annual angiography after HTx. Of these, two patients were excluded from further imaging investigation due to severe renal failure (serum creatinine . 2.0 mg/dL, one patient) and prior angioplasty for three vessel disease (the long stents had occupied the investigation segment or in-stent restenosis, one patient). Further imaging investigation of intravascular ultrasound (IVUS) and OCT was attempted to each of three coronary arteries (CAs) in the remaining 46 patients. There were angiographic or technical contraindications in 12 CAs, and 11 CAs were not analysed due to inadequate OCT image quality. Therefore, 115 CAs [43 left anterior descending (LAD), 34 left circumflex (LCx), and 38 right coronary (RCA) arteries] were analysed in the remaining 45 patients for this study.
To clarify the influence of transmitted disease (donor-origin lesions), 28 CAs from 10 patients who underwent their initial catheterization (performed within 8 weeks of HTx) were designated as the very early group. The remaining 87 CAs from 35 patients (≥1 year after HTx) were defined as the follow-up group. To investigate the timedependent differences of microchannels, we compared the frequency of microchannel by using time interval after transplantation; 1 -3 years from HTx (early: n ¼ 45 CAs), 4 -9 years (mid: n ¼ 24 CAs), and 10 -16 years (late: n ¼ 18 CAs, Supplementary data online, Figure S1 ).
The definition of hypertension was blood pressure beyond 135/85 mmHg or patients who had taken medication. Diabetes was defined as fasting blood glucose level beyond 110 mg/dL, or haemoglobin A1c exceeding 6.2%. Cytomegalovirus infection was determined when cytomegalovirus antigenemia [direct immunological staining of leukocytes using peroxidase-labelled monoclonal antibody (C7-HRP)] levels were positive, and the patients had any signs of cytomegalovirus, such as fever, pneumonitis, or gastrointestinal inflammation.
Imaging procedure
After routine angiography, we performed both IVUS and OCT on the LAD, LCx, and RCA of each patient. In patients who had received stent implantation, we advanced the OCT/IVUS probe at least 40 mm from distal stent edge to avoid influence of angioplasty (.10 mm apart) and for adequate investigation (.30 mm). Briefly, after intracoronary administration of 0.1-0.2 mg nitroglycerin, a commercially available ultrasound catheter (Atlantis Pro2; 3.5Fr, 40-MHz Boston Scientific, Minneapolis, MN, USA) was advanced to the distal end of each coronary artery. Pullback was performed automatically at a speed of 0.5 mm/s. After IVUS imaging, the guidewire was left in the coronary artery. Subsequently, a 2.7 Fr. OCT imaging catheter (ILUMIEN OPTIS TM imaging system; St Jude Medical, St Paul, MN, USA) was inserted and advanced at least 30 mm distal to the orifice of each coronary artery. To reduce the amount of contrast dye used, blood clearance was measured by injection of 10% low molecular weight dextran directly through the guiding catheter in accordance with a previous report.
14 These procedures were performed repeatedly in all vessels. All images were stored digitally for subsequent offline analysis.
Data analysis Volumetric IVUS analysis
Quantitative IVUS analysis was performed using planimetry software (EchoPlaque, INDEC systems, Inc., Mountain View, CA, USA) according to the consensus document for IVUS. 15 Vessel, lumen, and intimal dimensions were measured by manually tracing the border between the intima and the lumen, and external elastic membrane. Volumetric analysis was done as previously described. 16 Briefly, intimal volume was calculated as the sum of the differences between external elastic membrane and lumen areas. The formula is as follows:
Volume index was defined as volume/examined length (mm 3 /mm), and intimal burden (%) was calculated as (intimal/vessel volume) × 100.
OCT analysis
A microchannel was defined as a no-signal tubuloluminal structure that was sharply delineated and recognized on more than three contiguous frames. The frame containing the maximum number of microchannels was analysed by using an offline review workstation (LightLab Imaging, St Jude Medical, USA); specifically, microchannel number, diameter, intimal eccentricity index (maximum minus minimum intimal thickness divided by maximum intimal thickness), and intimal thickness (distance between luminal leading edge and external elastic membrane) were analysed.
An intimal eccentricity index .0.5 was defined as eccentric intima. 17 Maximum intimal thickness (MIT) throughout the vessel was measured. Correlation between the number of microchannels and intimal proliferation was also measured. Each microchannel was classified by, for example, whether it was communicating from the luminal surface or whether the origin was at the adventitia (outward from the external elastic membrane). The diameter of each microchannel was defined as the maximum diameter of its caliber. Discrimination of microchannels from side branches was based on the location (microchannel stays in the vessel wall but side branch separates from the main vessel) and the absence of elastic membrane continuation. These were also confirmed by angiogram. Representative cases are shown in Figure 1 .
Other qualitative analyses throughout each CA were performed using previously validated criteria: ruptured appearance, lipid deposition, thin-cap fibroatheroma, calcium deposition, macrophage image, and thrombus attachment. 17, 18 A macrophage image was defined as a linear signal-rich region with high attenuation on the plaque surface as shown in Figure 2 . We also analysed the correlation between microchannels and these qualitative characteristics.
Statistical analysis
Continuous variables are expressed as means + SD, and categorical variables are expressed as absolute numbers and percent values. Student's t-test was used to compare continuous variables, while the x 2 test or Fisher's exact test was used to compare categorical variables. The relationships of the number and diameter of microchannel with volumetric data were analysed using Pearson's correlation coefficient. We used regression analysis to determine independent predictors of the presence of microchannels; univariate variables with a P-value ,0.1 were entered into the multivariate model. All analyses were twosided, and significance was judged at P , 0.05. All statistical analyses were performed with JMP (SAS Institute, Cary, NC, USA). This study was conducted in accordance with the Declaration of Helsinki and was approved by the institutional review board. Written informed consent was obtained from all patients. 
Results

Patient characteristics
Patient characteristics are shown in 
Microchannel appearance and time course from HTx
The existence of microchannels and the time course of their appearance following HTx are shown in Figure 3 . At 1-year follow-up, the incidence of microchannels increased steeply compared with those ≤8 weeks follow-up (39.1 vs. 10.7%, P ¼ 0.023); however, this trend did not persist over time [31. 1% from 1 to 3 years (n ¼ 45), 33.3% from 4 to 9 years (n ¼ 24), 27.8% from 10 to 16 years (n ¼ 18)].
Background characteristics of microchannels
Microchannels were observed in 27 CAs (31.0%) and 17 patients (49.0%) in the follow-up ≥1 year after HTx, although only 3 microchannels (10.7%) in 3 patients (30.0%) were observed within 8 weeks from HTx. The number of microchannels per vessel was 4.5 + 3.2 (range 1 -15), and their mean length and maximum diameter were 9.7 + 10.8 mm and 118 + 76 mm, respectively. Thirteen microchannels (59.1%) were located on the adventitial side (outward), six (27.3%) were observed in the luminal side (inward), and three (13.6%) were connected to both sides.
In the follow-up group, patients with and without microchannels differed in terms of donor age (44 + 12 vs. 34 + 13 years, P ¼ 0.03), LDL-cholesterol level (91 + 27 vs. 72 + 22 mg/dL, P ¼ 0.03), and everolimus use (76.5 vs. 33.3%, P ¼ 0.02).
Regarding spatial differences, of the 42 patients who underwent multi-vessel OCT examination, 10 patients (23.8%) showed microchannels in at least 2 CAs. The frequency of microchannel among the patients who received complete three vessel investigation (n ¼ 28) was lower in LCX (7.1%) than in others (17.9% in LAD and 25.0% in RCA).
Relationship between microchannels and intimal volume in follow-up group
Over half of microchannels (n ¼ 21, 77.8%) were at diffuse thick intima (at least 20 mm in length with .0.5 mm thickness) areas, and 22 (81.5%) were identified in crescent-shaped segments of eccentric intimal proliferation. Differences in intimal volume and intimal burden between areas where microchannels were and were not present are shown in Figure 4 . The existence of microchannels was correlated with both higher intimal volume (4.9 + 1.4 vs. microchannels. There were positive correlations between number of microchannels and both intimal volume index (A: r ¼ 0.54, P ¼ 0.004) and intimal burden (B: r ¼ 0.51, P ¼ 0.006, Figure 5 ). Microchannel diameter also correlated positively with intimal burden (r ¼ 0.43, P ¼ 0.02). /mm; P ¼ 0.05, 27 + 9 vs. 24 + 7%; P ¼ 0.07, respectively). Rejection episode, microchannel, serum creatinine level, vessel location, lumen volume index, and lipid deposition were independent risk factors of CAV.
Risk factors for microchannel and CAV
Discussion
The present study showed that (i) OCT-identified microchannels were observed occasionally in donor vessels, but the incidence CAV progression and neovascularization increased steeply within the first year (within 12 months) of HTx; (ii) the existence of microchannels was associated with intimal proliferation; and (iii) donor age as well as recipient risk factors, i.e. LDL-cholesterol, cytomegalovirus infection, and diabetes, were strongly associated with the presence of microchannels after HTx.
A previous OCT study attempting CAV investigation presented frequency of microchannel as a vulnerable feature. 10 The report classified the patients according to the time from HTx, but the report lacked details of early-phase investigation. In the early phase after HTx, the donor heart should be exposed to dramatic environmental changes. The current study strikingly presented a steep increase in microchannel between 8 weeks and 12 months follow-up. This phenomenon can be interpreted as a reaction to this environmental change, such as immunoreaction and inflammation followed by traditional coronary risk factors inherent in the chronic phase. The changes of vessel structure, i.e. remodelling (vessel shrinkage), in the mid to late phase also play a role in CAV progression. 19 The current investigation showed that approximately one-third of microchannel orifices were coronary lumen, and some of them continued through the intima to the adventitia. We not only saw a steep increase in microchannels within the first year, but also a higher frequency of cytomegalovirus infection and macrophage images in the microchannel group than in the non-microchannel group. These also suggest inflammation and/or immunological reactions. Cytomegalovirus up-regulates genes involved in wound repair and angiogenesis, causing intimal angiogenesis in CAV. 20 This immune-related activity might begin immediately after HTx and occur directly on the luminal surface, accelerating neovascularization. Inflammation is known to contribute to CAV progression and may cause both intimal angiogenesis and intimal thickening. 16, 21, 22 Additionally, thick intimal formation may require a direct blood supply for protection from hypoxia due to limited oxygen diffusion capacity. 23 These complex mechanisms may have resulted in the various microchannel patterns observed in this study.
On the other hand, a previous post-HTx autopsy study reported that many microvessels occurred in proliferative intima. 4 In the current study, all microchannels were observed in intima of thickness .0.5 mm. Previous IVUS studies showed that an MIT increase ≥0.5 mm within the first year after HTx was correlated with poorer outcome via marked CAV progression, 24, 25 and therefore, the presence of microchannels assessed by OCT may become a supportive predictor of post-HTx outcome. The current study showed that intimal volume and several coronary risk factors, such as LDL-cholesterol and diabetes, were independent risk factors for microchannels. Previous knowledge has shown that these factors are also risk factors for CAV. 3 In vivo spectroscopy has presented direct visualization of marked lipid deposition in post-HTx CA, even in angiographically normal-appearing CA. 26 It is well known that angiogenesis in atherosclerotic lesions gradually increases with lesion progression and causes intraplaque haemorrhage leading to necrotic core expansion and subsequent plaque rupture. 27, 28 Experimental studies have also shown that hypercholesterolaemia enhances coronary vasa vasorum neovascularization and intraplaque angiogenesis. 29, 30 Taken together, these results indicate that most intimal vessels derive from the adventitial vasa vasorum and are considered to be the source of plaque progression. 31 As shown in Figure 1 , the elastic membrane border was not visible around intimal microchannels, most likely because the media was involved in plaque formation (plaque -media complex). These findings suggest that the current OCT study not only presented data on structural parameters, such as intimal volume and microchannel spatial distribution, but also identified biological factors associated with the presence of microchannels, such as a higher incidence of cytomegalovirus infection and coronary risk factors. Previous OCT studies also confirmed the relationship between plaque vulnerability and microchannels in both HTx and non-HTx individuals. 10 -13 Detection and suppression of microchannel may become a new target of treatment after HTx. When 
Limitations
There are several limitations to this study. It was observational in nature, and there was no serial investigation. Serial observation of the same vessel can more accurately clarify the role, mechanisms, and impact of microchannels on prognosis. However, attempting OCT investigation during annual catheterization after HTx is still challenging. We acknowledge the lack of direct comparison of microchannels with histology in this study. HTx, heart transplantation; MC, microchannel; TCFA, thin-cap fibroatheroma; other abbreviations as in Table 1 .
Furthermore, limited OCT resolution and issues with signal attenuation and limited penetration depth, especially in the lipid component of the OCT signal, may lead to an underestimation of the presence and number of microchannels. The sample number is relatively small, although current study used consecutive data from over 100 vessels for analysis. Taken together, a multicentre registry involving serial observation is necessary to clarify the role of microchannels and identify OCT factors useful in assessing CAV.
Conclusions
OCT-identified microchannels were observed in one-third of patients who received HTx, and the incidence increased steeply within the first year. The presence of microchannels was correlated with intimal proliferation, suggesting that angiogenesis may play an important role in the early progression of CAV, which is well-known cause of unfavourable outcomes after HTx.
